.2012.-We tested whether mild and moderate dynamic exercise and muscle metaboreflex activation (MMA) affect dynamic baroreflex control of heart rate (HR) and cardiac output (CO), and the influence of stroke volume (SV) fluctuations on CO regulation in normal (N) and pacing-induced heart failure (HF) dogs by employing transfer function analyses of the relationships between spontaneous changes in left ventricular systolic pressure (LVSP) and HR, LVSP and CO, HR and CO, and SV and CO at low and high frequencies (Lo-F, 0.04 -0.15 Hz; Hi-F, 0.15-0.6 Hz). In N dogs, both workloads significantly decreased the gains for LVSP-HR and LVSP-CO in Hi-F, whereas only moderate exercise also reduced the LVSP-CO gain in Lo-F. MMA during mild exercise further decreased the gains for LVSP-HR in both frequencies and for LVSP-CO in Lo-F. MMA during moderate exercise further reduced LVSP-HR gain in Lo-F. Coherence for HR-CO in Hi-F was decreased by exercise and MMA, whereas that in Lo-F was sustained at a high level (Ͼ0.8) in all settings. HF significantly decreased dynamic HR and CO regulation in all situations. In HF, the coherence for HR-CO in Lo-F decreased significantly in all settings; the coherence for SV-CO in Lo-F was significantly higher. We conclude that dynamic exercise and MMA reduces dynamic baroreflex control of HR and CO, and these are substantially impaired in HF. In N conditions, HR modulation plays a major role in CO regulation. In HF, influence of HR modulation wanes, and fluctuations of SV dominate in CO variations. arterial baroreflex; exercise reflexes; pressor response; impaired cardiac performance BEAT-TO-BEAT CARDIAC OUTPUT (CO) varies considerably across successive heart beats, whereas the average level remains remarkably constant under basal conditions (21, 50). This likely involves control mechanisms operating at markedly different frequencies. Rapid baroreflex control of heart rate (HR) is thought to play a crucial role in dynamic CO regulation. Previous studies suggest that low-frequency (Lo-F: 0.04 -0.15 Hz) blood pressure fluctuations are buffered by the dynamic baroreflex control of HR (25, 28). However, we and others have observed that changes in HR do not necessarily elicit proportional changes in CO because stroke volume (SV) may also vary with the changes in ventricular filling time (17, 34, 48) . Furthermore, transient increases in CO will lower ventricular filling pressure (and decreases in CO will raise filling pressure), thereby providing a self-limiting response (6, 30, 40) . Furthermore, baroreflex control of HR may not functionally buffer high-frequency (Hi-F: above 0.15 Hz) blood pressure fluctuations (4, 38, 44) . In this case, Hi-F variations of CO could facilitate blood pressure variability via a feedforward mechanism rather than buffer arterial pressure. In addition, it has been shown that in anesthetized rats, the blood pressure response to cardiac pacing induced high-frequency oscillation of CO is smaller than that to low-frequency oscillation of CO (41). To our knowledge, however, the dynamic relationship between blood pressure and CO across frequencies has never been examined under conscious conditions. Furthermore, the relationships among spontaneous HR, SV, and CO fluctuations in normal subjects in both the Lo-F and Hi-F ranges are unclear at rest.
BEAT-TO-BEAT CARDIAC OUTPUT (CO) varies considerably across successive heart beats, whereas the average level remains remarkably constant under basal conditions (21, 50) . This likely involves control mechanisms operating at markedly different frequencies. Rapid baroreflex control of heart rate (HR) is thought to play a crucial role in dynamic CO regulation. Previous studies suggest that low-frequency (Lo-F: 0.04 -0.15 Hz) blood pressure fluctuations are buffered by the dynamic baroreflex control of HR (25, 28) . However, we and others have observed that changes in HR do not necessarily elicit proportional changes in CO because stroke volume (SV) may also vary with the changes in ventricular filling time (17, 34, 48) . Furthermore, transient increases in CO will lower ventricular filling pressure (and decreases in CO will raise filling pressure), thereby providing a self-limiting response (6, 30, 40) . Furthermore, baroreflex control of HR may not functionally buffer high-frequency (Hi-F: above 0.15 Hz) blood pressure fluctuations (4, 38, 44) . In this case, Hi-F variations of CO could facilitate blood pressure variability via a feedforward mechanism rather than buffer arterial pressure. In addition, it has been shown that in anesthetized rats, the blood pressure response to cardiac pacing induced high-frequency oscillation of CO is smaller than that to low-frequency oscillation of CO (41) . To our knowledge, however, the dynamic relationship between blood pressure and CO across frequencies has never been examined under conscious conditions. Furthermore, the relationships among spontaneous HR, SV, and CO fluctuations in normal subjects in both the Lo-F and Hi-F ranges are unclear at rest.
Hallmark features of congestive heart failure are increased sympathetic activity to the heart and vasculature, depressed vagal outflow to the heart, a resting tachycardia with diminished heart rate variability, and a decrease in baroreflex control of HR (14, 47, 52, 53) , which coupled with lower SV, due to diminished contractility, markedly depresses baroreflex control over CO (24) . However, dynamic CO regulation and its relations with HR and SV fluctuations are largely uncertain.
During exercise, the baroreflex is reset to operate around the higher prevailing blood pressure and HR. As workload increases, the rapid HR responses to spontaneous changes in arterial pressure progressively decrease as workload rises (3, 13, 23, 45) . A major mechanism potentially mediating the normal rise in HR and arterial pressure during exercise is the activation of the muscle metaboreflex via stimulation of chemosensitive afferents within the active muscle, which can elicit a marked pressor response (1, 7, 9, 19, 31, 49) and also reduces this spontaneous baroreflex HR sensitivity (33, 35) , and this effect of exercise and metaboreflex activation is further exacerbated in heart failure (14) . The attenuated baroreflex HR sensitivity in these conditions could have an important impact on dynamic CO regulation, especially in the Lo-F range, where the baroreflex exerts strong control over HR theoretically to protect against further blood pressure fluctuations (25, 28) . In subjects with congestive heart failure, the low left ventricular contractility and increased afterload sensitivity coupled with depressed baroreflex sensitivity may combine to markedly attenuate functional control of CO in cardiovascular regulation.
The effects of exercise and muscle metaboreflex activation on the dynamic CO regulation over a wide frequency range have never been investigated, even in normal subjects. In heart failure, with the marked changes in baroreflex sensitivity, cardiac inotropicity, and afterload sensitivity, these relationships may be significantly altered as the effectiveness of changes in HR to elicit changes in CO becomes even more constrained, especially so at higher frequencies. The present study was designed to address these questions. We hypothesized that exercise would attenuate dynamic baroreflex control of HR and CO in the entire frequency range. Although dynamic baroreflex HR control would decrease further with metaboreflex activation, substantial increases in ventricular contractility would also occur (37) , which might attenuate further decrease in dynamic CO regulation. In addition, heart failure would markedly diminish dynamic CO control even further.
MATERIALS AND METHODS
Experiments were performed on seven adult, mongrel dogs (weight ϳ20 -25 kg) of either sex, selected for their willingness to run on a motor-driven treadmill. The protocols conform with the U.S. National Institutes of Health guidelines and were reviewed and approved by the Wayne State University Animal Investigation Committee. All data reported are unique to this study and have not been previously published.
Surgical preparation and procedures. All animals were accustomed to human handling before they were surgically instrumented in two different procedures (sternotomy and left flank abdominal surgery), as described in several previous studies (10, 11, 14) . Briefly, using aseptic procedures, a midline sternotomy was performed, and a fully implantable telemetered blood pressure transducer (model no. PAD-70; Data Sciences International) was placed subcutaneously on the left side of the chest. The catheter was tunneled into the thoracic cavity through the 7th or 8th intercostal space and inserted into the left ventricle for measuring left ventricular pressure (LVP). A 20-or 24-mm blood flow transducer (Transonic Systems) was placed around the ascending aorta to measure CO. Three stainless-steel ventricular pacing electrodes (O-Flexon, Ethicon) were sutured to the right ventricular free wall. For studies unrelated to the present investigation, vascular occluders were placed on the superior and inferior venous cava, and two pairs of sonomicrometry crystals were placed on the left ventricular endocardium. The pericardium was reapproximated loosely, and the chest was closed in layers. After a recovery period (at least 10 days), a second surgical procedure (left abdominal retroperitoneal surgery) was performed. A 10-mm blood flow probe (Transonic Systems) was placed on the terminal aorta to measure blood flow to the hindlimbs (HLBF). A hydraulic vascular occluder (DocXS Biomedical Products) was placed on the terminal aorta just distal to the flow probe. All arteries branching from the aorta between the iliac arteries and the HLBF probe were ligated and severed, and a catheter was placed through a lumbar artery proximal to the HLBF probe and occluder to measure mean arterial pressure (MAP). All flow probe cables, pacing wires, vascular occluder tubings, and the aortic catheter were tunneled subcutaneously and exteriorized between the scapulas at the end of its corresponding surgical procedure. The animals were allowed at least 7 days for recovery prior to any experiments.
Experimental procedures. All experiments were performed after the animals had fully recovered from instrumentation (i.e., active, alert, afebrile, and of good appetite). All data were recorded on analog-to-digital recording systems for subsequent offline analyses.
For a given experimental session, data were collected at rest and then at a randomly selected workload (mild exercise: 3.2 km/h, 0% grade elevation or moderate exercise: 6.4 km/h, 10% grade elevation). Only one workload was performed on any experimental day. All animals ran freely with only positive verbal encouragement. Steady-state data were recorded at rest, while the animal was standing on the treadmill, during exercise with unrestricted blood flow to the hindlimbs, and after metaboreflex activation elicited by reductions in HLBF achieved by partial inflation of the terminal aortic occluder, as previously described (49) . After completion of the control experiments, modest congestive heart failure was induced via rapid ventricular pacing, as previously described by us and others (26, 36) . Briefly, the heart was paced at 240 -250 beats per minute (bpm) for ϳ30 days, and the experiments were repeated while in modest heart failure conditions [defined as resting tachycardia, reduced CO, SV, and left ventricular ϩ/ϪdP/dt, as described in our previous studies (8, 14, 36) ]. The pacemaker was disconnected ϳ30 min prior to the experiment.
Data analysis. During the experiments, beat-to-beat CO, HLBF, HR, MAP, and LVP were collected continuously. Data were recorded for 3 to 5 min of steady state. The data were averaged at each setting (at rest, during mild or moderate exercise with unrestricted blood flow to the hindlimbs, and after metaboreflex activation) across all experiments for every animal.
We used 3 min of steady-state data for spectral and cross spectral analysis. The beat-to-beat data for the HR, CO, SV, and left ventricular systolic pressure (LVSP) were interpolated and resampled, which provided 1,024 points of equidistant time interval data. The data were then divided into five equal overlapping segments of 512 data points, and for each segment, the linear trend was removed, and the Hanning window was applied. Fast Fourier transforms were implemented in each segment and then averaged to calculate the autospectrum. The spectral resolution for these estimates was ϳ0.0111 Hz. Total power as well as Lo-F (0.04 ϳ 0.15 Hz) and Hi-F (0.15 ϳ 0.6 Hz) powers of all the variables were calculated from the integration of the autospectra. The spectral powers in Lo-F and Hi-F ranges were also expressed as normalized values relative to the total powers, respectively. We then employed transfer function analysis to evaluate the relationship between LVSP and HR, LVSP and CO, HR and CO, and SV and CO. The transfer function [H(ƒ)] between two signals was calculated as H(ƒ) ϭ Sxy(ƒ)/Sxx(ƒ), where Sxx(ƒ) is the autospectrum of LVSP or HR or SV variability, and Sxy(ƒ) is the cross spectrum between LVSP and HR, LVSP and CO, HR and CO, and SV and CO. , where Syy(ƒ) is the autospectrum of changes in HR or SV or CO. The squared coherence function reflects the fraction of the output power that can be linearly related to the input power at each frequency. Similar to a correlation coefficient, it varies from 0 to 1 and reflects the validity of the transfer function estimates. For this purpose, the transfer gain and phase only at frequency data points of coherence Ն0.5 were accepted as significant responses and averaged in the Lo-F and Hi-F ranges, respectively. The minimum number of the frequency data points associated with coherence Ն0.5 were 6 out of 10 points in Lo-F range and 18 out of 41 points in Hi-F range throughout all animals across all the settings and conditions. The coherence data presented reflect the average values from all data points in each frequency range for all parameters. For phase value interpretation, a negative phase suggested that changes in the input variable preceded directionally similar changes in the output response, whereas a positive phase suggested the reverse. However, from a baroreflex perspective, positive-phase values for LVSP-HR and LVSP-CO mean that changes in LVSP are followed by changes in HR and CO in the opposite direction. Therefore, these positive-phase values for LVSP-HR and LVSP-CO relationships were taken as baroreflex relationships. We used HR rather than pulse interval for transfer function analysis of dynamic CO regulation because changes in HR and SV induce directionally similar changes in CO, while changes in pulse interval cause directionally opposite changes in CO.
Statistical analysis. Utilizing the averaged responses for each animal, we performed statistical analyses on the data with Systat software (Systat 11.0). An ␣-level of P Ͻ 0.05 was set to determine statistical significance. Two-way ANOVA for repeated measures was used for comparing hemodynamic data obtained at rest, during each workload before and after metaboreflex activation, and in normal and heart failure conditions. When a significant interaction term was found, a test for simple effects post hoc analysis was performed to determine significant group mean differences. We performed dependent t-tests to determine when phase values were significantly different from zero. In figures, tables, and text, data are expressed as means Ϯ SE and reflect data from seven animals in normal state, with an n ϭ 6 in heart failure. Tables 1 and 2 show the average values of HLBF, LVSP, CO, SV, and HR before and after induction of congestive heart failure at rest, during exercise, and during exercise with muscle metaboreflex activation at each workload. The responses to exercise and muscle metaboreflex activation before and after induction of heart failure were essentially the same as we have reported in previous studies (2, 7, 36) . Briefly, metaboreflex activation caused substantial increases in HR, CO, and LVSP at both workloads in normal conditions. After induction of heart failure, CO, HLBF, SV, and LVSP were significantly depressed, and the animals were tachycardic. Metaboreflex activation in heart failure still caused a tachycardia; however, the fall in SV markedly limited any reflex increase in CO. Tables 3 and 4 show spectral power for LVSP, HR, CO, and SV before and after the induction of heart failure at rest, during exercise, and muscle metaboreflex activation at both workloads. Mild exercise decreased total power for SV and the Hi-F power for all variables except LVSP, whereas it increased normalized Lo-F power for HR and CO. Moderate exercise increased total, Lo-F, and Hi-F power for LVSP and Lo-F power for HR and SV, whereas it substantially diminished Hi-F power for HR, CO, and SV. Normalized Lo-F power for HR, CO, and SV increased, whereas normalized Hi-F power for these variables decreased during moderate exercise. Metaboreflex activation at mild exercise increased total and Lo-F LVSP power (vs. free flow exercise). After induction of heart failure, spectral power in absolute units for all the variables substantially diminished with the exception of no significant change in total and Hi-F LVSP power and Lo-F HR power. Normalized Lo-F power for HR and CO increased, whereas normalized Hi-F power for HR, CO, and SV decreased in heart failure. Mild exercise decreased total, Lo-F, and Hi-F HR power. During moderate exercise, total, Lo-F, and Hi-F power for LVSP increased, whereas total, Lo-F and Hi-F power for HR and Hi-F power for SV decreased. In addition, normalized Hi-F power for CO and normalized Lo-F power for SV increased, whereas normalized Hi-F SV power decreased during moderate exercise. Metaboreflex activation at mild exercise increased total LVSP power and decreased Hi-F SV power in both absolute and normalized units. Metaboreflex activation at moderate exercise increased total and Hi-F CO power and total, Lo-F and Hi-F powers for SV, whereas it decreased normalized Lo-F power for CO. Figure 1 , top, shows the group mean transfer function gain, phase, and coherence for the LVSP-HR relationship at rest, during mild exercise with and without metaboreflex activation, before and after induction of heart failure across all frequencies. Figure 1 , bottom, shows the average values in the Lo-F and Hi-F ranges at each setting at both workloads. Exercise did not affect transfer function gain and phase in the Lo-F range, whereas coherence in the Lo-F range increased during exercise. In contrast, gain, phase, and coherence in the Hi-F range Values are expressed as means Ϯ SE. HLBF, hindlimb blood flow, LVSP, left ventricular systolic pressure; CO, cardiac output; SV, stroke volume; HR, heart volume; bpm, beats per minute. For HLBF, n ϭ 6; for all other values, n ϭ 7 in normal (N) and n ϭ 6 in heart failure (HF). *P Ͻ 0.05 HF vs. N; †P Ͻ 0.05, free-flow exercise vs. rest; ‡P Ͻ 0.05. Free-flow exercise plus metaboreflex activation (MMA) vs. free flow exercise. 
RESULTS
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DYNAMIC CO CONTROL; EXERCISE, N, AND HF CONDITIONS decreased with mild and moderate exercise. Metaboreflex activation during mild exercise decreased the gain in both frequency ranges, whereas, at moderate exercise, the metaboreflex decreased the gain only in the Lo-F range. Heart failure did not affect the gain, phase, and coherence at rest in the Lo-F range, whereas those in Hi-F range were significantly decreased. For mild and moderate exercise, the gain in both frequency ranges, the phase in Hi-F range during moderate exercise and the coherence in Lo-F range during both workloads were significantly lower compared with normal, and gain further decreased with metaboreflex activation Metaboreflex activation at moderate exercise significantly decreased the coherence in Lo-F range. Also during metaboreflex activation at both workloads, the gain in both frequency ranges and the phase in Hi-F range were significantly lower after induction of heart failure. The coherence in Hi-F range during metaboreflex activation at mild exercise was significantly lower in heart failure. Figure 2 shows the average transfer function gain, phase, and coherence for the LVSP-CO relationship in the Lo-F and Hi-F ranges at each setting. The effect of exercise, muscle metaboreflex activation, and heart failure on the gain of the LVSP-CO relationship was similar to that seen for the LVSP-HR relationship. In contrast, the effect of heart failure on phase was much more pronounced. In heart failure, metaboreflex activation at mild exercise, as well as moderate exercise alone or with metaboreflex activation, decreased or even reversed the phase in both frequency ranges. Figures 3 and 4 show the transfer function gain, phase, and coherence for the HR-CO relationship and the SV-CO relationship in the Lo-F and Hi-F ranges. In the normal animal at rest, the coherence between HR and CO was high in both frequency ranges (ϳ0.9), whereas, the coherence between SV and CO was relatively lower (ϳ0.4 in Lo-F and ϳ0.7 in Hi-F). The phase for HR-CO relationship was close to 0°in both frequency ranges, whereas the phase for the SV-CO relationship was mostly negative, with the exception of low frequency at rest. The coherence for the HR-CO relationship in the Hi-F range decreased with exercise and metaboreflex activation. Metaboreflex activation during moderate exercise increased the gain for HR-CO relationship in Lo-F range, and mild exercise increased the gain for the SV-CO relationship in the Lo-F range. Moderate exercise increased the coherence in Lo-F range and the phase in Hi-F range, while it decreased the phase in Lo-F range for the SV-CO relationship. Metaboreflex activation during moderate exercise decreased the phase for SV-CO relationship in Hi-F range.
Heart failure significantly lowered the coherence between HR and CO in the Hi-F range, whereas the coherence between SV and CO in Lo-F range significantly increased. The gain for HR-CO relationship in both frequency ranges and the gain for SV-CO relationship in Hi-F range were significantly lower after induction of heart failure. Heart failure shifted the phase for SV-CO relationship in Hi-F range toward 0°. In heart failure, the coherence for HR-CO relationship in the Lo-F and Hi-F ranges decreased with exercise at both workloads and decreased further with metaboreflex activation during mild exercise. In contrast, exercise and metaboreflex activation tended to increase coherence for the SV-CO relationship in both frequency ranges. Exercise and metaboreflex activation Values are expressed as means Ϯ SE. For HLBF, n ϭ 6; for all other values, n ϭ 7 in N and n ϭ 6 in HF. *P Ͻ 0.05 HF vs. N; †P Ͻ 0.05, free-flow exercise vs. rest; ‡P Ͻ 0.05. Total, total spectral power; Lo-F, spectral power in low frequency range; Hi-F, spectral power in high-frequency range; Norm Lo-F, normalized spectral power in low frequency range relative to total power; Norm Hi-F, normalized spectral power in high-frequency range relative to total power. Other abbreviations are the same as in Table 1. R760 DYNAMIC CO CONTROL; EXERCISE, N, AND HF CONDITIONS generally increased gain for the HR-CO, as well as SV-CO relationships in both frequency ranges, although there were specific exceptions (see Figs. 3 and 4) . The phase for the HR-CO relationship in Lo-F range increased with metaboreflex activation at mild exercise. The phase for the SV-CO relationship in the Lo-F range decreased modestly with mild exercise. In general, exercise and metaboreflex activation tended to decrease coherence of the HR-CO relationship. In contrast, metaboreflex activation at both workloads increased the coherence between SV and CO in both frequency ranges to substantially high values (ϳ0.9 at Lo-F and ϳ0.95 at Hi-F ranges). The coherence between HR and CO was lower, whereas coherence between SV and CO was higher in both frequency ranges during dynamic exercise at both workloads with and without metaboreflex activation after induction of heart failure. The gain for the HR-CO relationship in both frequency ranges was significantly higher at moderate exercise and with metaboreflex activation at both workloads. The gain for SV-CO relationship in the Lo-F range at both workloads with and without metaboreflex activation was significantly lower after induction of heart failure. In addition, the gain for the SV-CO relationship in the Hi-F range at mild exercise was significantly lower. The phase for HR-CO in the Lo-F range was significantly higher, and the phase in Hi-F range was significantly lower at metaboreflex activation in mild exercise. The phase for HR-CO in both frequency ranges was significantly lower at metaboreflex activation in moderate exercise. The phase for SV-CO relationship in Hi-F range at mild exercise was significantly higher, and the phase in both frequency ranges during metaboreflex activation at both workloads was significantly higher after induction of congestive heart failure.
DISCUSSION
CO results from a complex interplay between HR and SV. This can vary under different physiological conditions, such as during exercise, as well as under pathophysiological conditions, such as in subjects with congestive heart failure in which autonomic balance to the heart changes and ventricular function is altered. To our knowledge, this is the first study to investigate dynamic CO regulation over a wide frequency range in the normal animal at rest and how this dynamic control over CO is modified by exercise workload, as well as muscle metaboreflex activation, a potentially key reflex involved in the control of CO during steady-state exercise. Furthermore, in a longitudinally designed study, we determined to what extent modest congestive heart failure affected the dynamic regulation of CO at rest, during exercise, and with metaboreflex activation. Our major findings were that dynamic baroreflex control of HR plays a major role in CO regulation and buffers blood pressure variations across a wide frequency range in normal animals at rest. In addition, the effects of dynamic exercise and muscle metaboreflex activation on dynamic control over CO were different depending on the frequency range. Furthermore, after induction of congestive heart failure, dynamic baroreflex control of HR and CO was substantially diminished, and variations in CO depend more on fluctuations in SV over a wide frequency range.
Dynamic cardiac output regulation at rest, during exercise, and metaboreflex activation in normal subjects. Several previous studies have examined the frequency domain characteristics of baroreflex control of HR (12, 25, 28, 38) . However, whether dynamic baroreflex HR regulation functionally buffers (17, 48) , which can likely be attributed to the changes in ventricular filling time. Furthermore, even if SV is initially maintained, an increase in CO will decrease central venous pressure, thereby, decreasing right ventricular filling pressure, which would ultimately limit the ability to sustain left ventricular SV and, therefore, sustain the rise in CO (6, 30, 40) . Because of the capacitance of the pulmonary circulation, the fall in the ventricular filling does take time to occur, and therefore, transient changes in HR can still cause transient changes in CO (42) . This may be particularly important in compensating for rapid changes in arterial pressure, inasmuch as the parasympathetically mediated rapid HR responses and subsequent transient CO changes can occur quickly, thereby protecting pressure while the slower but sustained sympathetically mediated vascular responses develop (22, 32) . In normal animals at rest, positive-phase values for both LVSP-HR and LVSP-CO relationships in both frequency ranges were consistent with baroreflex regulation of HR and CO in that a change in LVSP is followed by an opposite directional change in HR and CO. Furthermore, we observed fairly high coherence between HR and CO with relatively low coherence between SV and CO in the entire frequency range that we examined. In addition, the phase values for HR-CO and SV-CO relationships in both frequency ranges revealed that changes in HR and CO occurs simultaneously with almost no delay, whereas there are important time lags between changes in SV and changes in CO. These results suggest that at rest, dynamic baroreflex control of HR plays a major role in CO regulation and buffers blood pressure variations over a wide frequency range. We found that the gain and phase for the LVSP-HR and LVSP-CO relationships in the Hi-F range decreased during dynamic exercise. In addition, we found that dynamic exercise reduces coherence between HR and CO and deviates phase for the HR-CO relationship from 0°in the Hi-F range, suggesting that the dominance of HR modulation on CO control diminished in this frequency range. In contrast, dynamic exercise had less impact on the HR and CO regulation in Lo-F range. The estimates of the transfer function between arterial blood pressure and HR in the Hi-F range are thought to be predominantly determined by cardiac parasympathetic activity, whereas in the Lo-F range, they might be influenced by both cardiac sympathetic and parasympathetic activity (12, 15, 25, 38) . Therefore, HR and CO regulation in the Hi-F range substantially fell with vagal withdrawal during dynamic exercise, whereas those in Lo-F range showed fewer changes. However, our results appear to be inconsistent with those of earlier reports that dynamic baroreflex HR gain in the Lo-F range significantly decreased during dynamic and static exercise in humans (23, 43) . These discrepancies might be attributable to differences in 
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DYNAMIC CO CONTROL; EXERCISE, N, AND HF CONDITIONS the balance of autonomic activity during exercise between humans and dogs (20, 23, 29) . Note that as total vascular conductance rises with exercise, a given absolute change in CO has less of an effect on blood pressure. In this context, even if CO gains in Lo-F ranges are preserved during dynamic exercise, the CO contribution to blood pressure regulation could fall in these conditions. In contrast to the small effect of dynamic exercise on Lo-F HR gain, muscle metaboreflex activation significantly decreased the HR gain in both Lo-F and Hi-F ranges. These results suggest that the mechanism(s) responsible for the decrease in dynamic HR gain by dynamic exercise vs. muscle metaboreflex activation may be different. As discussed above, the most likely cause of the decrease in HR gain in Hi-F range during dynamic exercise is the decreased parasympathetic tone. The muscle metaboreflex-induced tachycardia occurs primarily via increased sympathetic activity, which may decrease HR gain (19) . Indeed, it has been previously shown that high plasma norepinephrine concentration attenuates dynamic HR regulation via the vagus nerve (18) , and metaboreflex activation can elicit substantial increases in plasma norepinephrine levels, especially in subjects with heart failure (7).
We found that the muscle metaboreflex-induced attenuation of dynamic HR gain is not always associated with decrease in dynamic CO gain as in the Hi-F range at mild exercise and in the Hi-F and Lo-F ranges at moderate exercise. One explanation may be that the muscle metaboreflex-induced increase in SV via augmented ventricular performance (37) coupled with increased central blood volume mobilization (39) would work to maintain dynamic CO gain in the face of a decreased HR gain; e.g., greater SV changes partially compensate for smaller HR changes. Therefore, the dynamic baroreflex cardiac responses could be viewed as a balance between the chronotropic and inotropic responses during metaboreflex activation.
Dynamic cardiac output regulation at rest, during exercise, and metaboreflex activation in heart failure. Hallmark features of congestive heart failure are increased sympathetic activity, depressed vagal tone, and an attenuated cardiac baroreflex strength (14, 47, 52) . However, no previous studies have examined the effect of heart failure on dynamic baroreflex control of HR and CO. With the markedly reduced ventricular contractility, depressed preload sensitivity, and increased afterload sensitivity seen in heart failure, we hypothesized that dynamic CO control would be markedly attenuated. We found that at rest, the gain and phase for the LVSP-HR and LVSP-CO relationships in the Hi-F range were substantially decreased in heart failure. The phase for the LVSP-CO relationship in the Hi-F range is close to 0°in heart failure, indicating that blood pressure and CO change in similar directions with little delay. This phase relationship is inconsistent with a baroreflex relationship and suggests that the cardiac baroreflex does not functionally buffer Hi-F blood pressure fluctuations in heart failure. In contrast to the decreased HR gain in the Hi-F range, HR gain in the Lo-F range was sustained at normal levels. This difference between the effects of heart failure on Hi-F vs. Lo-F HR gain may reflect differential effects of modest heart failure on the strength of baroreflex control over sympathetic vs. parasympathetic activity. Using a similar model, Olivier and Stephenson (24) showed marked attenuation of carotid baroreflex control of heart rate but unchanged baroreflex control of total peripheral resistance. However, despite sustained HR gain in Lo-F range, CO gain in this range was significantly diminished. A substantial decrease in SV via attenuated ventricular performance (16, 36) could account for the decreased dynamic CO gain in the face of unchanged HR Lo-F gain in heart failure. In addition, a decrease in SV fluctuation could also contribute to the decrease in CO gain. Although the CO gain in the Lo-F range decreased, the phase for the LVSP-CO relationship in this frequency range remained at normal levels. Furthermore, the phase for HR-CO in the Lo-F range was almost 0°as in the normal condition, indicating the tight coupling between HR and CO changes. These suggest that cardiac baroreflex still works to buffer low-frequency blood pressure fluctuations. In addition, a given absolute change in CO has a greater effect on blood pressure in heart failure since total vascular conductance decreased ϳ10% in this setting. Hence, cardiac baroreflex function in regulating blood pressure could be preserved, despite a reduced CO gain. However, the decrease in CO gain was substantially greater than the decrease in total vascular conductance. Therefore, CO contribution to blood pressure regulation would be depressed even with the lower total vascular conductance in heart failure. Our results suggest that the depressed dynamic baroreflex control of CO in heart failure is induced by both a decreased baroreflex chronotropic response (i.e., diminished HR gain) and an impaired inotropic state of the heart (i.e., reduced SV) with the relative roles of these mechanisms being frequency dependent.
The effects of exercise and metaboreflex activation on dynamic HR and CO regulation may be a consequence of the high sympathetic activity (7, 8) . Indeed, our laboratory previously showed that the arterial norepinephrine levels during mild and moderate exercise in heart failure were comparable to or higher than those during metaboreflex activation at the same workload in normal animals (7) . Taking into account these observations and our findings that dynamic HR gain in the Lo-F range decreased only with metaboreflex activation in normal conditions, whereas it was reduced by free-flow dynamic exercise in heart failure, an increase in sympathetic nerve activity above a certain level might be a trigger for the attenuation of HR gain in the Lo-F range.
The phase for the LVSP-HR relationship in Lo-F range was maintained at normal levels during dynamic exercise with and without metaboreflex activation, indicating that the baroreflex HR response to blood pressure fluctuations still occurs in these frequency ranges. However, the phase for the LVSP-CO relationship in both frequency ranges are close to or below 0°d uring mild exercise with metaboreflex activation, as well as moderate exercise with and without metaboreflex activation, indicating that a change in blood pressure was followed by a directionally similar change in CO. In addition, the phase for the SV-CO relationship in both frequency ranges is almost 0°d uring exercise at both workloads with and without metaboreflex activation, demonstrating that changes in SV and CO are closely coupled with little time lag. Therefore, it is possible that the cardiac baroreflex is unable to buffer blood pressure variations within the entire frequency range, and this may reflect the increased afterload sensitivity of heart in heart failure. Moreover, CO fluctuations might accentuate spontaneous variability in blood pressure in these settings.
We observed lower coherence for the HR-CO relationship in Hi-F ranges, whereas we observed higher coherence for the SV-CO relationship in the Lo-F range at rest in heart failure. Dynamic exercise and metaboreflex activation further diminished the coherence for the HR-CO relationship and increased coherence for the SV-CO relationship. Alterations in HR and SV variations could account for these changes, since CO fluctuations are determined by both HR and SV. In heart failure, CO variability declined with decreases in both HR and/or SV fluctuations in each setting. However, although variability of both HR and SV decreased, the extent of decrease in HR variability from normal was greater than that of SV variability. For example, during moderate exercise, HR and SV variability in Lo-F range decreased to 6.0 Ϯ 2.0% and 48.0 Ϯ 9.1% of normal, respectively. This means that SV variations relative to HR variability are greater in heart failure. This alteration of the balance between HR and SV variations would be a cause of the high coherence between SV and CO and the low coherence between HR and CO. A higher afterload sensitivity of the left ventricle in heart failure subjects (36) might be involved with the relatively greater SV fluctuations. These results suggest that in heart failure, the influence of HR modulation wanes and fluctuations of SV dominate in CO variations.
Limitations of the study. While cross-spectral analysis provides insight into the linear interrelationship between two variables, it does not evaluate causality. Consequently, any interpretation of relationships must be made with caution. For example, respiration could simultaneously drive SV and HR and thus CO and BP in a manner that makes them appear coupled by the baroreflex. Transfer function estimates are limited by a fundamental assumption of linearity between changes in two variables and are reliable only if squared coherence values are near or above 0.5 (12, 28, 38) . In the present study, the transfer gain and phase only at frequency data points of coherence Ն0.5 were accepted to confirm the validity of using this technique to evaluate those relationships. In addition, transfer function and coherence function analyses with a time frame similar to our study (i.e., several minutes) are well established and widely accepted in previous studies (15, 23, 46, 51) .
Our approach that was employed to evaluate arterial baroreflex control of HR and CO (based on spontaneous fluctuations in blood pressure, HR, and CO) has several advantages and disadvantages, as discussed previously (34, 35) . Briefly, this approach only examines the baroreflex gain over a relatively modest range of pressure, which, therefore, does not allow the calculation of the entire, sigmoidal baroreflex stimulus-response relationship. Therefore, we cannot exclude the possibility that the reduction in baroreflex HR gain seen with exercise and with muscle metaboreflex activation may be due to a shift of the operating point to a lower gain portion of the entire stimulus response relationship (5, 27) . On the other hand, our approach does enable us to estimate the dynamic cardiac baroreflex responses during the spontaneous blood pressure fluctuations that characterize both the resting and exercise conditions, without the necessity of any pharmacological or mechanical interventions. This aspect is particularly relevant in heart failure, in which, for example, sympathostimulatory reflexes by the stretch of cardiac chambers after the phenylephrine-induced increase of afterload or a direct ␤-adrenergic stimulation at the sinus node level by high doses of the drug superimposed to the already heightened blood pressure of exercise may affect baroreflex responses.
Conclusions. We conclude that at rest in normal animals, dynamic baroreflex control of HR plays a major role in CO regulation and buffers blood pressure variations within a wide frequency range. Dynamic exercise attenuates dynamic baroreflex control of HR and CO in the Hi-F range. Muscle metaboreflex activation further reduces dynamic baroreflex control of HR. However, muscle metaboreflex-induced attenuation of dynamic HR control is not always associated with attenuation of dynamic CO regulation. After induction of congestive heart failure, dynamic baroreflex control of HR and CO was substantially diminished at rest and during dynamic exercise with and without muscle metaboreflex activation. Furthermore, we found that, in normal conditions, HR modulation plays a major role in CO regulation, whereas in heart failure, influence of HR modulation wanes and fluctuations of SV dominate in CO variations.
